INTRODUCTION
Many Hawaiian forest birds were distributed from sea level to the uppermost alpine forests and shrublands before the arrival of humans and the non-native species they introduced. However, declining populations were evident as early as the late 1800s (1) , and today, most of Hawai'i's forest birds are largely restricted to high-elevation forests because of the loss of low-elevation habitat, the invasion of non-native species into low-and mid-elevation habitats, and the distribution of introduced diseases (2, 3) . In particular, non-native avian malaria (Plasmodium relictum) and avian poxvirus (Poxvirus avium) have greatly influenced the distribution of native Hawaiian birds (3) (4) (5) , restricting most species to high-elevation areas where avian malaria and its mosquito vector (Culex quinquefasciatus) are seasonally present or completely absent due to cool temperatures. Sporogonic development of avian malarial parasites and larval development of their mosquito vectors are increasingly slow below temperatures of 17°C and are largely inhibited at elevations where mean annual temperatures are below 15°C (corresponding to approximately 1500 m), making those high-elevation areas largely free of active disease transmission in Hawai'i (6) . Of the main Hawaiian islands, only the Hawai'i and Maui islands have substantial intact forest above 1500-m elevations, and these forests still support diverse native avian communities (2) . On Kaua'i, forest habitats occur at elevations from~500 m to nearly the summit of the island (1500 m), elevations that should support the development of mosquitoes and disease throughout much of the year; however, Kaua'i forests have historically been~3°C cooler than comparable elevations on other islands (6) , which may have allowed the persistence of a diverse native avifauna at 1000 to 1500 m.
Given the strong relationship between elevation, temperature, and the distribution of disease, researchers have predicted negative consequences of warming global temperatures to Hawaiian forest birds, specifically noting that these effects would first be seen on Kaua'i (7). The Hawaiian archipelago is already experiencing a warming trend (8) , especially at higher elevations, which were historically disease-free (9) . A recent study of avian malaria prevalence in upper-elevation forests on the Alaka'i Plateau of Kaua'i documented a sharp increase in disease prevalence over a 15-year period, with surveys in 2007-2013 indicating a more than doubling of disease prevalence from the 1994-1997 levels (10) . Prevalence of malarial infections was highest in the lower elevations of the plateau and decreased upslope. Surveys for mosquitoes in 2011 found larval mosquitoes in multiple drainages, whereas extensive surveys in the 1990s found virtually none (10) . Changes in disease and vector prevalence corresponded to shifting climatic conditions (>1°C increase in temperature on the plateau and reduced stream scouring, resulting from longer dry periods) (10), suggesting a climate-based mechanism for the increasing prevalence of disease on the plateau. Future projections of climate-based habitat suggest that nearly all of the current climatic space of native forest birds on Kaua'i will be lost by 2100 (11) .
We present evidence of an ongoing collapse of the native Kaua'i avifauna. Although the scenario of a rapid increase in the distribution of disease driven by climate change is a prime suspect for the precipitous declines, other factors, such as the continued incursion of non-native plants and animals, are likely contributing factors. We hypothesize that each threat will produce a different pattern of response in the bird community, and examination of these patterns can provide insight into the drivers of the declines.
RESULTS
We used long-term survey data that cover much of Kaua'i's native forest birds' current range to understand how the abundance and distribution of avifauna on Kaua'i have changed over the last several decades. We found that six of seven native species are rapidly declining in abundance across their range (Table 1 and Fig. 1 ), based on standardized 25-year trends of the core range (interior, 1981-2012) and peripheral range (exterior, 2000-2012) . The exception is the Kaua'i 'elepaio (Chasiempis sclateri), which had mixed trends, decreasing by 64% in the periphery of its range (exterior area) but increasing by 88% in the core region of its range (interior area). In contrast, the remaining six native species (all Hawaiian honeycreepers) showed declines in both the periphery and core regions of their ranges by an average of −94 and −68%, respectively (Table 1 and Fig. 1 ). Moreover, declines in the core region appear to be accelerating, as evident from the 1.4 to 5.7 times greater declines in recent years (2000-2012) compared to the longer time period (1981-2012) ( Table 1 ). The two endangered species, 'akikiki (Oreomystis bairdi) and 'akeke'e (Loxops caeruleirostris), have declined precipitously, with the 2012 population sizes estimated to be only 468 [95% confidence interval (CI), 231 to 916] and 945 (95% CI, 460 to 1547) individuals, respectively. Unlike in previous surveys (2000, 2005, 2007, and 2008) , neither species was detected by our systematic surveys in the periphery of their ranges in 2012, although incidental sightings indicate continued but limited occurrence. Although less severe, long-term negative trends in 'i'iwi (Drepanis coccinea) and 'anianiau (Hemignathus parvus) have resulted in 2012 population size estimates of 2603 (95% CI, 1789 to 3520) and 10,787 (95% CI, 8396 to 13,434) individuals, respectively. Likewise, 'apapane (Himatione sanguinea) and Kaua'i 'amakihi (Chlorodrepanis stejnegeri) have also experienced severe declines but began from large, robust populations at the beginning of the survey period. The eighth native forest bird, the endangered puaiohi (Myadestes palmeri), is a secretive thrush living in narrow river gorges, which were poorly sampled by the forest bird surveys; therefore, the surveys are unreliable measures of abundance and population trends for this species.
All of Kaua'i's native forest birds (including 'elepaio) have experienced sizeable range contractions over the last four decades (starting with presence-absence surveys from 1968), with reduction in range size varying from between 57 and 70% for the most range-restricted species to between 27 and 66% for the species with broader ranges. Four species ('akikiki, 'akeke'e, 'anianiau, and i'iwi) have experienced even more rapid range contractions since 2000 and are now limited to a small, remote area of the Alaka'i Plateau, with ranges encompassing only 40 to 64 km 2 of forest habitat. For the more common species, the contractions have been most severe in the periphery of their range, but density is rapidly decreasing in their core range as well. In contrast to native species, non-native forest birds demonstrated mixed abundance trends (Table 1) , with the hwamei (Garrulax canorus), Japanese bushwarbler (Cettia diphone), and white-rumped shama (Copsychus malabaricus) increasing and the Japanese white-eye (Zosterops japonicus) and northern cardinal (Cardinalis cardinalis) declining. Similarly, patterns of occurrence by elevation were mixed for the non-native species, with some species showing no change in distribution, whereas the distribution of other species contracted. The hwamei and Japanese white-eye occurred throughout the elevation range surveyed (that is, from 1011 to 1455 m) and showed no changes in distribution over the 2000-2012 period. Table 1 . Estimates of 2012 population density and abundance and trend for seven native species of forest birds and the five most common non-native species on Kaua'i. Trends (the average change in density over a 25-year period) are presented for both the interior (core area of most species ' range, 1981-2012 and 2000-2012) and exterior areas of the Alaka'i Plateau (2000-2012). Trends were not calculated for species with few or no detections for one or more survey periods in a given area. Species abundances marked by an asterisk denote species that occur outside the survey area (<900 m), and abundance estimates do not include estimates from the unsurveyed area. If native species linearly decline at a rate similar to or greater than that of the past decade, then multiple extinctions are likely in the next decade (Fig. 1) . Alternatively, if populations decline in a negative logistic fashion (proportional to population size), then we would expect a somewhat longer persistence by an increasingly smaller number of individuals (Fig. 1) . Although a proportional, density-dependent response is more typical in declining species (12) , disease mortality may be density-independent (that is, linear trend); many species of birds can act as reservoirs for disease and keep prevalence high, even if a given species is diminishing in density (10).
DISCUSSION
We hypothesize that the observed patterns of decline will differ depending on which potential drivers have the strongest effect on the declines. Likely drivers of declines include increased distribution and prevalence of disease, decreased habitat quality from the continued incursion of invasive weeds, competition from non-native forest birds, ongoing threats from predators (for example, rats), and continued habitat changes from hurricane damage in the 1980s and 1990s (13) . Whereas the forest on the Alaka'i Plateau of Kaua'i has historically been dominated by native plants and animals (14) , non-native species have been invading from the surrounding areas, into the core forest. If non-native plants are sufficiently degrading habitat quality to drive the observed declines, then we would expect moderate to no declines in the interior wherein non-native plant species are still rare or are being actively controlled. Non-native birds are increasing in abundance even in the core range of native birds, but non-native bird densities are still fairly low in the core areas. If habitat degradation or competition with non-native species were contributing to declines of native birds, it is unlikely that the pattern of decline would be similar for all native birds, given the differences in feeding guilds and habitat requirements of the native species. Nonetheless, the spread of non-native birds is likely facilitated by environmental and habitat changes that already negatively affect native birds, and the increase in non-native species is likely contributing to population stress. Rats can be important nest predators of Hawaiian forest birds, but studies on the Alaka'i Plateau do not indicate high levels of impact (15, 16) . Additionally, two hurricanes in the 1970s and 1980s resulted in extensive damage of the forest across the Alaka'i Plateau (14) ; however, habitat damage should affect native species differently, and it is not apparent why there would be an accelerated response from bird species some 20+ years later.
Although multiple factors likely contribute to negative population dynamics, the pattern of rapid population contraction to the highest elevations, with declines in abundance observed even within the species' core range, is consistent with a scenario of disease invading from the lower elevations and recently spreading across the plateau to encompass the entire range of all species. Disease would affect most native species similarly, given their general susceptibility to introduced avian malaria (3, 5) , and all of Kaua'i's honeycreepers are rapidly declining. One exception, the 'elepaio, comes from a lineage that colonized the Hawaiian Islands more recently than did the Hawaiian honeycreepers (17) , and all three 'elepaio species have demonstrated greater tolerance to introduced diseases than have most of the Hawaiian honeycreepers (18) . Likewise, the puaiohi, a thrush, may be more tolerant of avian malaria (19) , and although population trends are uncertain, there is no evidence of rapid declines based on the monitoring of several breeding populations for this species (20) . The wide overlap of foraging and habitat needs of the native and non-native species and the low susceptibility of nonnative species to introduced disease (5) further point to disease as being the likely causal factor for the strong and accelerating declines in native species, which are not evident in non-native species. Thus, the sudden and rapid declines in all malaria-susceptible native bird species, which are not as severe in species that are more tolerant, are consistent with sudden changes in disease prevalence. However, even 'elepaio are declining across their outer range, suggesting that multiple factors are affecting these native bird populations.
The rapid decline in almost all native forest birds on Kaua'i is of great concern and indicates the imminent collapse of the native avian community. 21) , in which the authors were "cautiously optimistic," given that most species were stable with relatively large population sizes (>20,000). The 'akikiki and 'akeke'e were identified as having low but stable populations, although subsequent surveys (post-2000) suggested that they were declining, leading to their listing as endangered species in 2010. However, the relatively sudden change in abundance and distribution of most native bird species in Kaua'i post-2000, as was found in this study, suggests that a threshold has been crossed. The Alaka'i Plateau has been an anomaly, supporting a diverse avifauna at elevations that should have high disease prevalence. Therefore, only a small change in climatic conditions was likely necessary to tip this region into a new state with seasonal or year-round disease transmission throughout the plateau. We suggest that such habitats, which are close to climatic envelope boundaries for species and disease ranges, will be the most susceptible to threshold events such as this.
Multiple management responses to the crisis are possible, although their likelihood of success is unclear. The evolution of disease resistance is one of the great hopes for Hawaiian forest birds, and evidence of immunity to malaria has been shown in the Hawai'i 'amakihi (Chlorodrepanis virens) (22) and possibly the O'ahu 'amakihi (C. flava) (23). However, some species of Kaua'i forest birds have been experimentally shown to be highly susceptible to introduced disease (4), and the small remnant populations that exist today may not have sufficient genetic variability to develop immunity. Alternatively, control of mosquitoes could be used to reduce the distribution of vector-borne disease. Localized efforts to target mosquito larval habitat around core breeding areas may help to slow declines in bird populations, but these methods are labor-intensive, would have to be sustained indefinitely, and may not be a practical solution for controlling mosquitoes in many areas of the large and roadless Alaka'i Plateau. However, there is great potential in the development of genetically modified mosquitoes to provide large-scale vector control (24) , and the use of these methods may be one of the most effective management actions for preserving Kaua'i forest birds. Rat control around active nests of the rarest species could increase productivity, thus slowing declines. Additionally, management actions to improve habitat, including fencing, feral ungulate control, and control of nonnative plants, will help reduce habitat degradation. Intact forests are likely to be more resistant to mosquito invasion (by providing less larval habitat) and non-native bird incursion and may also support higher productivity and survival of birds, which can offset increased incidence of malaria-related mortality, providing forest birds more time to evolve immunity (25) . Beginning in 2015, there has been an ongoing effort to collect eggs from the wild to establish a captive population of 'akikiki and 'akeke'e to prevent imminent extinction. However, attention should also be focused on improving Kaua'i forest conditions to ensure habitat for future generations of Kaua'i forest birds. The implications of the loss of many of Kaua'i native birds go far beyond the birds themselves. The potential extinction of the 'akikiki and 'akeke'e, two insectivores, and the 'i'iwi, the dominant nectarivore, will likely continue to reduce the ecological integrity of the island's forest and result in continued degradation of ecosystem processes (26) . Our findings clearly demonstrate the rapid effects that climate change can have on species with small geographic ranges and specific climatic constraints, and unless an effective conservation response can be developed, provide a glimpse of what the future holds for species on other Hawaiian islands and beyond.
MATERIALS AND METHODS

Study area
Bird surveys were conducted on the Alaka'i Plateau of Kaua'i, a highly eroded crater of an extinct volcano 5.1 million years old. The plateau gradually slopes downward from the eastern summits (1598 m) to the west, with bird survey locations occurring at elevations between 1011 and 1455 m. Prevailing northeasterly trade winds produce annual rainfall ranging from 11.5 m at the highest elevations in the east to 1.5 m in the southwest (27) . The terrain is extremely rugged with deep canyons that eroded into the plateau on all sides, and even the relatively flat central plateau is etched with numerous streams and narrow ravines. Much of the area is covered in dense montane forest and shrubland, and bogs occupy some depressions. The dominant canopy tree is 'ōhi'a (Metrosideros polymorpha), with koa (Acacia koa) codominant in drier areas in the west. The higher elevations contain some of the most intact native ecosystems left in Hawai'i, but invasive alien plants occur throughout the native forest and are dominant in some parts of the plateau, especially in lower elevation areas (28) . All eight native forest bird species on Kaua'i are restricted to the Alaka'i Plateau. These include six Hawaiian honeycreeper (Drepanidinae) species ('akikiki, 'akeke'e, 'apapane, i'iwi, Kaua'i 'amakihi, and 'anianiau), a monarch flycatcher (Kaua'i 'elepaio), and a thrush (puaiohi). The 'akikiki, 'akeke'e, and puaiohi are endangered; however, the puaiohi, which occurs primarily in steep, narrow stream valleys where few survey stations are located, was not included in this analysis because standard forest bird survey is an unreliable sampling method for the species (20) .
Bird sampling
Bird surveys were conducted in 1981, 1989, 1994, 2000, 2005, 2007, 2008 , and 2012 using point-transect distance sampling methods (21, 29) . Six transects, with count stations located at 150-m intervals, were established in 1981 across the southeastern Alaka'i (29), termed interior ( fig. S1 ). In 2000, an additional 26 transects were established in the northern Alaka'i, southwestern Alaka'i, and western (Kōke'e) areas, termed exterior ( fig. S1 ), to improve the spatial coverage of sampling across the forested portion of Kaua'i above 1000 m (21) . The interior area has received eight surveys over 31 years (1981-2012; average span between surveys, 4.4 years), whereas the exterior area has been surveyed five times over 12 years (2000-2012; average span between surveys, 3.6 years). In general, the interior corresponds to the core range of the native species, whereas the exterior represents the periphery of native species, although several species extend beyond the exterior into lower-elevation forest habitats, which are not surveyed (but where densities are believed to be quite low).
Coverage of transects varied somewhat among years (table S1) , but densities were averaged across the set of surveyed transects for trends assessment. Several stations established in 2000 occur within the interior of the plateau (21) and were included in the survey results for this area. At each station, observers recorded the horizontal distance to each bird detected, the species, and detection type (heard, seen, or both) during an 8-min count. Cloud cover, rain, wind strength, gust strength, and time of day were also recorded at each station. Sampling started within 30 min of dawn and continued until 11:00 a.m., and ceased during adverse weather conditions. Density, distribution, and population size We used distance sampling methods to calculate species-specific density estimates, using the program DISTANCE (version 6.0, release 2) (30). We modeled detection functions and calculated detection probabilities for each species, then used the Akaike information criterion (AIC) to select the best model. Candidate models included the halfnormal and hazard-rate detection functions with expansion series of order two. Data were right tail-truncated at a distance where the detection probability was <10%. Detection function precision was improved by incorporating the sampling covariates in the multiple covariate distance sampling engine of DISTANCE (30) . Covariates included cloud cover, rain, wind strength, gust strength, observer, time of detection, and month and year of survey, and AIC was used to determine whether covariates improved model fit. Annual density estimates were calculated from the global detection function, poststratified by year. The 2.5th and 97.5th percentiles were used to estimate 95% CIs for the annual density estimates from bootstrap methods in DISTANCE with 999 iterations. All species included in this analysis had more than 300 detections pooled over the eight surveys.
To estimate the abundance of each species based on the most recent surveys (2012), we multiplied the estimated density by the size of the projected 2012 species range (table S2), although for Fig. 1 , we estimated the abundance by multiplying the average density for the interior and the exterior by their respective areas (3097 and 5049 ha, respectively) (table S3). For species whose distributions were contained entirely within our study area ('akikiki, 'akeke'e, 'anianiau, and 'i'iwi), the estimates represent the global population or, in the case of 'i'iwi, the total island population. For the other native species (Kaua'i 'elepaio, Kaua'i 'amakihi, and 'apapane), distributions extend beyond the surveyed area; for these species, we extrapolated their range by projecting into adjacent areas with the same elevation and habitat classification as found in the study area, out to 900-m elevation and above [the lowest elevation interval (900 to 1100 m) surveyed in 2012]. The extent of the range below 900 m is believed to contain few native birds and contributes a negligible number of individuals for overall population estimates. Estimates of abundance for non-native species were also only estimated for areas above 900 m, but in most cases, these species occur widely at lower elevations, and the estimates presented here represent only a fraction of the total population size on Kaua'i.
Trend in density
Because two areas were surveyed over different time spans, we conducted separate analyses for the interior [long (1981-2012) and short S1 and table  S4 ). We estimated trends in density within a Bayesian framework for each region. Following standard model diagnostic procedures, we fitted the density-per-station data with a traditional least-squares model, with the "lm" command and the "blinreg" function in R (R version 2.15.1; R Development Core Team, 2011) for sampling from the joint posterior distribution of slope and variance. Histograms of the simulated posterior draws of the regression coefficients slope and deviation variance were plotted and visually inspected to detect deviations from a normal distribution. Outliers were also identified using Bayesian residuals and were visually inspected. Temporal autocorrelation in annual abundance was assessed with the "acf" function, and AIC procedures were used to select the lag autocorrelation that removed serial correlation. For each analysis, there was no evidence that the model residuals differed from a normal distribution (no evidence of skewness or kurtosis), and although there were some outlier points, the outliers did not occur at either the first or last time points; therefore, the trends were conservative in that the variance was greater when outliers were included rather than excluded. Furthermore, there was no conclusive evidence that an autoregressive model was necessary to control for temporal correlation. Although the data did not substantially deviate from linear forms, we log-transformed the data to control error variance.
Log-linear regression was performed with WinBUGS (31) in the statistical program R. We computed the trend using the equation by Camp et al. (32) , where a is the density at time t equals 0 (intercept), b is the rate of change (slope) with each unit increase in time t, and t equals variance −1 (precision). The parameters a and b were given vague normal priors (0, 0.000001), and t was given a vague g prior (0.01, 0.01). Year values were centered on a year corresponding to the midpoint of the time series. The model parameters were estimated from 100,000 iterations for each of three chains (that is, model runs) after discarding the first 50,000 iterations (a "burn-in" period). The three chains were pooled (150,000 total samples) to create a posterior distribution. The Gelman-Rubin convergence statistic (R hat) was inspected to ensure convergence. Convergence was problematic for species with zero or very low densities. For these species, we increased the number of iterations to 2,100,000 and sampled from every 10th iteration for inference with a burn-in of 50,000 iterations to yield a total of 150,000 samples. The "overRelax" argument was applied to generate multiple samples at each iteration to reduce within-chain correlation by selecting a value that was negatively correlated with the current value.
We used a log-linear regression model to calculate the distribution of the posterior probabilities (P) of trend parameters. The proportion of the posterior distribution that was within or outside threshold bounds was assessed, corresponding to a 25% change in the population over 25 years. We categorized the trends as increasing, decreasing, negligible (stable population), or inconclusive (trend uncertain). The evidence for a particular trend was based on how the distribution of posterior probabilities was apportioned by category, and was interpreted as very weak (P < 0.5), weak (0.5 ≤ P < 0.7), strong (0.7 ≤ P < 0.9), or very strong (P ≥ 0.9) (table S4 ). An inconclusive result occurred when variance was high and the posterior distribution gave only very weak evidence across the increasing, decreasing, and negligible trend categories.
Time to extinction
Using abundance estimates for native species from 2000 to 2012, we fit a linear and exponential growth model to the population numbers of each species using the "nls" function in R (excluding the 2008 estimate for 'akikiki because it was a clear outlier). The model estimated the initial population size and the rate of change, and these were used to project population change moving forward in time using a populationindependent (linear) and population-dependent (exponential) rate of change. Time to extinction (extinction year) was determined for the year that the projected population becomes less than 30 individuals, which was chosen as a number that species are no longer likely to be viable in the wild. The projections are just one possible outcome of many, assuming that the rate of change is accurate and does not change over the coming decades.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/2/9/e1600029/DC1 fig. S1 . Spatial extent of interior and exterior survey areas used for the estimate of trends by region and period. 
